INTRODUCTION
Following the paradigm shift to plate tectonic thinking in the mid-1960s, which explained how layer-parallel compressive stresses were derived from colliding continents, most southern Appalachian (eastern USA) mylonite zones were interpreted as west-directed thrusts. Thrust faults are classically documented in the southern Appalachian foreland fold and thrust belt (i.e., the Valley and Ridge physiographic province; Fig. 1 ), where fossiliferous Paleozoic sedimentary rocks indicate them to have formed during the late Carboniferous to Permian (the Alleghanian orogenic phase; Roeder et al., 1978; Woodward, 1957; Hatcher et al., 1989a) . Development of methods to constrain the kinematics of fault zones based on shear-sense indicators in mylonitic rocks in the late 1970s and early 1980s (e.g., see references cited in led to the paradoxical discovery that practically all of the major Carboniferous to Permian mylonite zones within the exposed southern Appalachian hinterland record right-slip movement rather than thrusting (i.e., the Brevard, Towaliga, Bartletts Ferry, Goat Rock, and Modoc fault zones depicted in Fig. 1 ; Secor et al., 1986; Steltenpohl, , 2005 Hooper and Hatcher, 1988; Steltenpohl et al., 1992 Steltenpohl et al., , 2010 Steltenpohl and Kunk, 1993; West et al., 1995) . Such strain partitioning between the hinterland and foreland is also reported from the central and northern Appalachians, indicating that it is an orogen-wide phenomenon (e.g., Gates et al., 1988; Horton et al., 1989; Bothner and Hussey, 1999; Goldstein and Hepburn, 1999; Hatcher et al., 2007b) . Today, how Alleghanian, orogen-parallel, dextral movement within the hinterland transitions to apparently synchronous across-strike thrusting in the foreland (Gates et al., 1988; Dallmeyer et al., 1986; Secor et al., 1986; Steltenpohl et al., 1992) remains an unresolved problem concerning the late Carboniferous to Permian tectonic evolution of the southern Appalachians. We lack a good explanation for how the orogen transitioned in the Permian from a thickened collisional welt into a collapsed and extending rift margin by the end of Triassic time (Sacks and Secor, 1990; Snoke and Frost, 1990; Steltenpohl et al., 1992; Maher et al., 1994; Carter et al., 2001) .
To address the problem of how strain was partitioned between the Alleghanian foreland and hinterland, we examined fault rocks from two key mylonite zones in Alabama, the Goodwater-Enitachopco and Alexander City faults (Figs. 1 and 2). These two fault zones are within the eastern Blue Ridge, where the transition likely occurs. Both have been shown as northwest-directed thrust faults on some earlier maps (Higgins et al., 1988; Osborne et al., 1988) , but no modern mesoscale or microscale kinematic and microstructural data have been reported. Here we report geometric, kinematic, and rheological analyses. Because the timing of movement along these fault zones is also largely unconstrained, we performed initial U-Pb zircon and 40 Ar/ 39 Ar muscovite and hornblende thermochronological analyses. Our results are surprising in that they indicate somewhat peculiar kinematic and timing histories that we believe hold important new insights into the late stages of tectonic evolution of the southernmost Appalachians.
GEOLOGIC SETTING
At the scale of a geologic map of eastern North America, stark differences in southern Appalachian structures are clearly seen between the Tennessee-western North and South Carolinanorthern Georgia and the Alabama segments of the orogen (Fig. 1) . Eastern Tennessee contains the classic, thin-skinned, southern Appalachian foreland fold-and-thrust belt with as many as 13 different, generally coplanar, northwest-directed thrusts. In sharp contrast, the Valley and Ridge of Alabama and western Georgia contains many fewer northwest-directed thrusts (see Fig. 1 ). The Cartersville transform corresponds to this transition and is interpreted to mark an ancient transform fault along the rifted Laurentian margin, separating the Tennessee embayment from the Alabama promontory ( Fig. 1) , which served as a template around which later-emplaced Appalachian sheets conformed (Thomas, 1991 (Thomas, , 2006 Tull et al., 1998a Tull et al., , 1998b Tull and Holm, 2005; Thomas and Steltenpohl, 2010) . This thrust stack is directly west of the Great Smoky and Hayesville thrusts ( Fig. 1 ) that have emplaced the western and eastern Blue Ridge terranes, respectively, upon the Laurentian platform ( Fig. 1 ; Hatcher, 1987 . The Talladega-Cartersville fault is the frontal Blue Ridge fault in Alabama and western Georgia and, like its structural equivalent the Great Smoky fault, is the southern Appalachian master décollement (Cook et al., 1979) . The Talladega-Cartersville fault, however, is a complex structure containing major decapitated folds within klippen and fensters that do not follow conventional foreland fold-and-thrust-belt rules, such as those documented in Tennessee (Fig. 2; Tull, 1984; Tull and Holm, 2005) .
The Hollins Line fault is the basal eastern Blue Ridge fault in Alabama and occupies a structural position equivalent to the Hayesville thrust Hatcher, 1978; Tull, 1978 Tull, , 1980 Tull, , 1982 Tull, , 1984 Tull, , 1995 Steltenpohl and Moore, 1988; McClellan et al., 2005 McClellan et al., , 2007 Tull et al., 2007) . Contrary to thrust movement along the Hayesville fault, the Hollins Line is an oblique, right-slip transpressional fault (Mies, 1991) . Tull (1995) called it the "Hollins Line transpressional duplex: Eastern-Western Blue Ridge terrain boundary," and the duplex is large enough to be seen (in Millerville. Right-slip movement in Alabama has therefore encroached farther toward the foreland than anywhere else within the orogen. Continuing southeastward, the GoodwaterEnitachopco and Alexander City fault zones are the next two Blue Ridge faults and the focus of our investigation. The Brevard fault zone marks the southeastern boundary of the eastern Blue Ridge, juxtaposing the Inner Piedmont terrane (Figs. 1 and 2), and is a polyphase, right-slip shear zone with both Neoacadian (ca. 380-340 Ma) and Alleghanian movement histories (Bobyarchick, 1983 (Bobyarchick, , 1999 Vauchez, 1987; Bobyarchick et al., 1988) .
Additional background information on the lithologies, structures, metamorphism, and plutonic igneous history of rocks in the Alabama and western Georgia Blue Ridge are provided in the Supplemental File 1 .
STRUCTURAL AND KINEMATIC ANALYSES

Goodwater-Enitachopco Fault Zone
Our mapping of mylonites and phyllonites associated with the Goodwater-Enitachopco fault does not indicate a simple single-strand fault, as shown on earlier maps. Rather, two types of shears, referred to as type 1 and type 2 shears, generally occur along the trace of the fault depicted in Figure 2 . Type 1 shears formed at higher temperatures and are roughly coplanar with the dominant schistosity (S 1 ) of the middle to upper amphibolite facies country rock. Laterformed, type 2 shear zones are discrete, steeply dipping, and tabular, and they cut cleanly across S 1 and the type 1 shears. Both types of shears can be diffi cult to recognize given the scarcity and poor quality of exposures (saprolite), but the high-angle offsets and steep dips of the laterformed shear zones make them easier to recognize in the fi eld.
Type 1 shears do not appear to form a single, tabular shear zone, but rather occur randomly at various structural levels generally northeast of Millerville, Alabama (Fig. 2) . Mylonitic fabrics in schist, granite, and pegmatite are roughly coplanar with the S 1 schistosity (Fig. 3A) , and the quartz and K-feldspar elongation lineations are predominantly downdip, plunging moderately to shallowly to the south-southeast (Fig. 4A) . Type 1 shear zones commonly are cut at a high angle by steeper dipping type 2 shear zones (Fig.  3B ). Shear-sense indicators in type 1 mylonitized pegmatite can be ambiguous where the feldspar porphyroclasts interfere with one another, and there is also a fairly high degree of orthorhombic symmetry (Fig. 3C ), but the downdip elongation direction (Fig. 4A ) documents south-southeastnorth-northwest stretching. In more strongly comminuted rocks (e.g., bottom of the slab in Fig. 3C ), however, ribbon structures, sigma clasts, microfolds, and S-C fabrics (Figs. 3A and 4A) record top-down-to-the-south-southeast normalslip movement. Large feldspar porphyroclasts (to 4.5 cm in diameter) have distinct core-mantle structures observable at the hand-specimen scale (Fig. 3C) ; cores are cracked, whereas rims have a 1-2-mm-thick sheath of fi nely recrystallized feldspar. Otherwise, feldspar occurs as smaller augen that range down to fi nely recrystallized grains within several-millimeter-thick ribbons. Overall, feldspar microstructures indicate upper greenschist to lower amphibolite facies conditions of mylonitization (450-600 °C; Passchier and Trouw, 1996) . These conditions are consistent with type 1 mylonites found in other host lithologies where synkinematic hornblende and biotite recrystallized via grain-boundary migration recrystallization (Regime 3 of Hirth and Tullis , 1992) , and rolled garnet porphyroblasts refl ect near metamorphic peak deformational conditions. The type 1 buttony fabric in pelitic lithologies generally occurs without much microstructural evidence of nonrecovered strain, implying that shearing likely began far beneath the ductilebrittle transition (Sibson, 1977) during the waning stages of metamorphism following the peak.
Type 2 shear zones ( Fig. 5 ) appear to be mostly developed in the segment of the Goodwater-Enitachopco fault where it interacts with the Millerville anticline (i.e., reentrant; Fig. 2 ). These late shears range in thickness from <1 m to nearly 5 m, and they appear to be randomly spaced though generally <100 m apart from one another. Lower hemisphere stereographic projections of type 2 shears (Fig. 4A ) indicate a range of strike orientations, from N17°E to N88°E, and dips averaging ~67°SE. Compositional layering, the S 1 foliation, and tabular (<0.5 m thick) sill-like granitic injections are drag folded where crosscut by the type 2 shears, consistently indicating oblique-normal and/or right slip, top-down-to-the-south movement (Fig. 5A) . Type 2 shear zones typically are marked by phyllonites, or button schists, with well-developed S-C fabrics that clearly record oblique dextral and normal sense of shear (Figs. 5B, 5C). Composite S-C planar fabrics were measured and geometrically examined using lower hemisphere, equal-area stereoplots of paired C-and S-planes (connected by great circle arcs in Fig. 4A ). Slip lines were constrained as being within the C-plane 90° from their intersection with the S-plane. Slip lines plunge 55° downdip with a slight southwest trend, implying that slip was mostly normal top down to the south. Figure 4A indicates that more eastwardtrending faults have a stronger tendency toward right-lateral strike-slip components, whereas more northward faults, which appear concentrated near the Millerville reentrant, have more downdip normal-slip components. Microscopic analysis of phyllonites from type 2 shear zones reveals asymmetric mica fi sh and muscovite-quartz composites that consistently verify oblique right-lateral and normal-slip movement (Fig. 5C ). Quartz microstructures are mostly subgrains and minor amounts of grain-boundary bulges, refl ecting the operation of subgrain rotation recrystallization and grainboundary migration during dynamic recrystallization (Regime 2 and 3 microstructures of Hirth and Tullis, 1992) . Feldspar microstructures include grain-boundary bulges along rims, weak core-mantle structures, and broad microkinks in grain cores. Quartz and feldspar microstructures indicate medium-range temperature conditions for mylonitization between ~450 and 600 °C (Tullis, 1983 (Tullis, , 2002 Simpson and Schmid, 1983; Scholz, 1988; Tullis and Yund, 1992; Hirth and Tullis, 1994; Passchier and Trouw, 1996) , probably near the lower end of this temperature range. Inferred deformational temperatures for the type 2 mylonites therefore indicate that they formed beneath the ductile-brittle transition.
Steeply southeast dipping, tabular, weakly foliated trondhjemite injections are commonly found within the type 2 Goodwater-Enitachopco shears (Figs. 5 and 6). Compositionally similar trondhjemites occur as boudinaged layers outside of the type 2 shears, where they roughly parallel the shallow-dipping compositional layering and/or metamorphic foliation, S 1 , within the country rock. Where these prekinematic sill-like injections are cut by type 2 shears, they are dragged and folded into the shear zone with phyllonites developed generally <1 m into the bounding host schists (Fig. 5A ). Strain internal to these intrusions is accommodated along discrete, thin (several millimeters thick), dominoor bookshelf-style normal faults (Figs. 6E, 6F). While most of the trondhjemites are sill-like injections, other generally thicker (to 1 m) and more tabular dike-like bodies intruded at a high angle to the compositional layering and metamorphic foliation of the host rock. Type 2 shear zones are best developed along these dike-like trondhjemite bodies, indicating that they were favorably oriented for high resolved shear stress during oblique dextral-normal movements. Metamorphic foliation is only feebly developed within the dike-like and sill-like injections, implying that they were intruded either during the waning stages of Neoacadian metamorphism or perhaps during early Alleghanian strains. Fluids associated with shearing have altered some of the prekinematic injections. Country-rock margins to altered dikes are commonly marked by a parallel quartz vein (Fig. 6A ), some as thick as ~30 cm. The altered dikes have diffuse zonations that refl ect a pristine, medium gray, biotitemuscovite metatrondhjemite core, an intermediate zone of green, epidotized trondhjemite, and a light gray, mica-poor and quartz-rich metatrondhjemite at the dike rim (Fig. 6A) . Microscopically, quartz porphyroclasts (>0.5 mm) typically have strong patchy and undulose extinction with smaller elongate subgrains (0.2-0.5 mm) ( Fig.  6C ), whereas in quartz-rich regions near the dike margins quartz has more lobate and sutured grain boundaries (Fig. 6B ). The combination of subgrains and lobate grain boundaries suggests that subgrain-rotation recrystallization and grain-boundary migration were active recovery processes during fl uid-assisted shearing. Plagioclase feldspar cores exhibit alteration to fi negrained white mica. Secondary clinozoisite and epidote are also associated with fi ne-grained white mica (Fig. 6C ).
Some type 2 shear zones appear to have been intruded by synkinematic trondhjemite injections. Synkinematic injections may occur as multiple veins within the same shear zone and the phyllonitic fabrics marginal to them display a similarly oriented, steeply dipping planar fabric. Internally, the synkinematic trondhjemite dikes display a weak subvertical foliation defi ned by planar alignment of muscovite, biotite, and plagioclase ( Fig. 6D ). Dike cores are medium grained and contain aligned plagioclase phenocrysts to 0.5 cm in length, and grain size progressively decreases toward the dike margins over an ~5-cm-thick interval. Xenoliths of schist within the trondhjemite contain S-C shear fabrics that are coplanar with and look identical to those observed in the adjacent country rock (Fig. 6D) , supporting synkinematic injection. Synkinematic trondhjemites contain no obvious petrographic evidence for sillimanite-grade mineral assemblages or fabrics related to the peak metamorphic event that affected the adjacent Higgins Ferry Group country rock.
Alexander City Fault Zone
Retrograde mylonites of the Alexander City fault zone are observed within rocks of the Wedowee and Emuckfaw Groups, as well as the Paleozoic granitic bodies that have intruded them (Fig. 2) . The main ductile shear zone is within Wedowee metapelitic rocks, which served to localize strain due to their lower competence as compared to the shoulder rocks that are predominately granitic batholiths (i.e., Elkahatchee Quartz Diorite and Kowaliga Gneiss; Fig. 2 ). The shear zone thins and thickens drastically along strike from less than a few meters to as much as ~75 m (Fig. 2) .
Mylonites and phyllonites of the Alexander City fault zone that are derived from the comminution of metasedimentary protoliths are marked by a stark color contrast between the alternating, centimeter-scale (and fi ner), dark and light bands (biotite-and quartz-rich layers, respectively) that clearly display the sense of shear within the zone (Figs. 7A, 7B ). Sigma clasts of feldspar, mesoscopic and microscopic asymmetric folds (Fig. 7A ), normal-slip crenulations ( Fig. 7B ), reverse-slip crenulations (Dennis and Secor, 1987) , and well-developed S-C fabrics, consistently record right-slip movement. Microscopic kinematic and structural analysis of oriented samples substantiates the dextral shear sense observed in the fi eld. Mica fi sh ( Fig. 7C ) and crystal-plastic deformation of quartz via grain-boundary migration recrystallization ( Fig. 7D ; Regime 1 of Hirth and Tullis, 1992) indicate middle greenschist facies, sub-ductile-brittle transition conditions for mylonitization. Quartz ribbons (Figs. 7B, 7D; Passchier and Trouw, 1996) are deformed into microfolds, further corroborating dextral rotational strain (Figs. 7A, 7C). Euhedral garnet porphyroclasts have strain shadows and are wrapped by asymmetric micas, suggesting prekinematic garnet growth and later rotation of the competent garnet grains. Both brittle fracturing of larger feldspar cores and grain-boundary bulging and recrystallization along the rims are observed in some larger porphyroclasts.
Lower hemisphere, equal-area stereographic analysis of measured C-and S-planes ( Fig.  4B ) further document predominantly right-slip movement recorded in mylonites and phyllonites. An oblique normal-slip (more downdip) component recognized in some outcrops is also indicated in Figure 4B . C-and S-plane point maxima are oriented N44°E, 64°SE and N16°E, 64°SE, respectively. Slip lines were stereographically determined with maxima at N46°E, 4° and S31°W, 22°, documenting mainly strike parallel movement. Minor oblique normal-and reverse-slip components in Figure  4B partly result from two sets of crenulations developed due to acute clockwise ( normal-slip crenulations) and counterclockwise (reverseslip crenulations) inclinations with respect to the shear zone movement direction . Reverse-slip crenulations (Fig. 7A) were measured and examined by plotting the planes and hinge axes (Fig. 4C) . Generally, S-C planes are roughly coplanar with reverse-slip crenulation planes, and the axes are spread along a partial great circle with a maximum being downdip (Fig.   4C ). The boundaries of the Alexander City fault appear to roughly parallel the southeastdipping mylonitic foliation. Trains of distinct phacoidal-shaped biotite-rich layers (~1 cm thick) observed in outcrops are extended along more east-trending normal-slip crenulation planes (e.g., Fig. 7B ). These normal-slip crenulations appear to mimic the overall map pattern of the Alexander City fault zone shown in Figure 2 , and several of them can be traced for tens of kilometers eastward to merge with the Brevard fault zone. The Alexander City fault zone is obliquely cut and extended by several subparallel to N60°-75°E striking, subvertical, brittle faults characterized by intense fracturing and veining, breccias, cataclasite, and silicifi ed pods of cataclasite (Figs. 2 and 8) . Several of these brittle faults locally correspond with and cut the ductile normal-slip crenulation splays that trend toward the Brevard zone (Fig. 2) . These supra-ductilebrittle transition faults are marked by silicifi ed breccia zones ("fl inty crush rock") as much as 10 m thick that form narrow erosionally resistant ridges that have been quarried on a small scale for road metal (Fig. 8A) . In outcrops, crosscutting quartz veins indicate polyphase fracturing events with the latest veins lacking evidence for attrition. In thin sections, the cataclasites contain evidence of multiple phases of brecciation and veining (Fig. 8B) . The latest-formed quartz veins tend to be more tabular and continuous and are the coarsest grained (to 500 μm) with curved, well-equilibrated triple-point grain boundaries. The matrix is mostly fi ne-grained to very fi ne grained fragmented and granulated quartz and minor feldspar. Under ordinary light, dark gray to black clasts of more fi nely brecciated, commonly foliated, ultracataclasite occur in the matrix. Clasts of ultracataclasite contain internal veins of quartz, and the clasts are also cut by quartz veins (Fig. 8B) . Associated with some of the brittle faults are infrequent but rather large cataclastic pods (<3 m thick and 7 m long) comprising breccias and cataclasites and large volumes of coarse-grained (to 3 cm in length) injected bull quartz (Fig. 8C) . Samples from these pods resemble those from thicker (to 15 cm thick) quartz veins found elsewhere in the supra-ductile-brittle transition faults. These rocks are characterized by very large (to 3 cm long) quartz crystals that commonly have pyramidal terminations, rarely with double terminations, that give the rock a dog-tooth appearance.
In thin sections (Fig. 8C) , these quartz crystals contain multiple optical growth zones marked by varying concentrations of mineral and/or fl uid inclusions, and the zones commonly have differing densities and orientations of fractures occurring in roughly subparallel sets. In addition to the fractures, microstructures include undulose extinction and subgrains, and minor volumes of very fi ne grained crystallized quartz fi lling interstitial spaces between the larger prisms. Sense of shear is diffi cult to determine in the cataclasites, but slickensides with slickenlines plunging moderately to steeply S68°W imply that the latest movement was oblique normal slip and right slip.
Dextral Shears in Alexander City Fault Zone Shoulder Rocks
While mapping shoulder rocks that fl ank the Alexander City fault zone we discovered high-temperature, peak to late peak metamorphic mylonitic shears that roughly parallel the zone and indicate the same right slip sense of shear (Fig. 9) . They are notably persistent and particularly well developed in plutonic rocks on both sides of the fault zone (Fig. 9) . We did not examine these mylonites in detail, and additional mapping and structural analysis will be needed to understand their signifi cance. One exceptional area, however, was examined where the dextral shears are exposed in pavement of the Paleozoic (ca. 388-370 Ma) Elkahatchee Quartz Diorite (see sample locality 4 in Fig. 2, and Figs. 9A, 9B ). The Elkahatchee Quartz Diorite has been metamorphosed to sillimanite-zone conditions and here the metamorphic foliation strikes N33°E and dips steeply toward the southeast. Steeply southeast dipping, N67°E striking, right-lateral strike-slip shear zones cut xenoliths and pegmatitic veins within the Elkahatchee (Fig. 9A) . Dextral sense of rotation along these noncoaxial simple shear zones is recorded by trains of sigma clasts, normal-slip crenulations, and locally welldeveloped S-C composite planar fabrics (Fig.  9B ). Quartz and feldspar are crystal-plastically deformed, indicating temperatures of deformation in excess of ~450 °C and up to peak metamorphic conditions. Figure 9B documents that along the immediate shoulders of the sheared pegmatite, the quartz diorite is mylonitized over an ~5 cm interval before the mylonitic foliation disappears, blending with the metamorphic foliation. At this locality, a late-stage trondhjemite dike cuts across the dextral shear zones (Fig. 9A) , providing an opportunity to date the dike and to place constraints on the timing of this newly recognized dextral shearing event (see following). The timing of movement along the Goodwater-Enitachopco, Alexander City, and newly discovered dextral Elkahatchee shear zones is critical to understanding the tectonic history of the southernmost Appalachian Blue Ridge. We present results from high-precision hornblende and muscovite Ar analyses were performed at the U.S. Geological Survey laboratory (Denver, Colorado) following the methods reported in Steltenpohl and Kunk (1993) . U-Pb zircon analyses for sample Elk-21 were performed using facilities at the University of North Carolina and the analytical methods followed are the same as those described in Ratajeski et al. (2001) . U-Pb zircon analyses for sample 10ENITA1 were performed using facilities at the Stanford-U.S. Geological Survey SHRIMP-RG (sensitive high-resolution ion microprobe-reverse geometry) facility following methods in Schwartz et al. (2011b) . Sample localities are provided in Figure 2 and in Table 1 .
40
Ar/ 39 Ar Analyses and Their Interpretation
Hornblende sample MD-l is from the Mitchell Dam Amphibolite (Figs. 2 and 10) . The hornblende grains constitute part of the peak metamorphic assemblage, together with plagioclase, quartz, titanite, and opaque minerals, in this middle amphibolite facies rock. The plateau age of 333.8 ± 1.7 Ma is somewhat younger than the Ordovician-Late Devonian range of conventional K-Ar dates for the same rock unit previously reported by Wampler et al. (1970; 348 Ma) and Russell (1978; 464-365 Ma) ; conventional K-Ar dates are known to give anomalously old apparent age dates, particularly in metamorphic rocks, because older extraneous gas components are not discernible using that technique (McDougall and Harrison, 1999) . The 333.8 ± 1.7 Ma date is interpreted as the time of cooling through closure (~500 °C for hornblende), indicating that the rock maintained amphibolite facies temperatures well into the late Mississippian. Hornblende grains separated from a massive amphibolite within the Ropes Creek Amphibolite of the Dadeville Complex Steltenpohl et al., 1990a Steltenpohl et al., , 1900b in the Inner Piedmont (Figs. 2 and 10) , sample AL-49, were also analyzed for 40 Ar/ 39 Ar isotopes. The hornblende grains form a moderately well developed nematoblastic fabric recording peak amphibolite facies metamorphic conditions. The spectrum is only slightly discordant with a weak saddle shape that has a minimum age of 329.6 ± 1.1 Ma, interpreted as a maximum age for argon closure in this sample. A younger than 329 Ma date for this sample is compatible with hornblende dates for other Inner Piedmont rocks, reported in Steltenpohl and Kunk (1993) , that range from younger than 322 Ma to 320 Ma.
Muscovite sample GW-l is from the type 1 mylonitized, K-feldspar-rich pegmatite body within the Goodwater-Enitachopco fault depicted in Figure 3 (see Figs. 2 and 10) . Musco vite fi sh separated from this sample were as long as 6 mm and were derived from retrograde shearing of earlier formed larger grains. Because microstructures indicate medium-grade conditions for shearing between 450 and 600 °C (Passchier and Trouw, 1996) , we interpret the 327.4 ± 1.6 Ma plateau age as the time of cooling through muscovite closure (~350 °C) following type 1 mylonitization. This date is very close to the ca. 334 Ma date for the Mitchell Dam hornblende sample (MD-1). Two possible explanations are that projection of the ca. 334 Ma date into the line of the profi le in Figure  11 is not justifi able, or this part of the eastern Blue Ridge cooled very quickly from ~500 to ~350 °C between 333 and 329 Ma (respectively, for hornblende and muscovite closure). Additional 40 Ar/
39
Ar dates are needed to evaluate this relationship. The middle Mississippian date for muscovite sample GW-1 is interpreted to place a minimum on the time of type 1 shearing along Goodwater-Enitachopco fault. Muscovite sample GE-l (Figs. 2 and 10) is from the tabular, <3-m-thick, prekinematic trondhjemite injection within the type 2 Goodwater-Enitachopco shear zone shown in Figure  5A ; muscovite was separated from the same altered sample in Figure 6A . The 329 ± 1.7 Ma plateau age is within analytical uncertainty of the muscovite age determined for sample GW-1. This age could record either the time of closure following cooling from metamorphism or from cooling after fl uid-assisted shearing along the Goodwater-Enitachopco fault. These (2007) reported dates from the Talladega slate belt that are only slightly younger than those that we report for the eastern Blue Ridge. Assuming normal upright cooling prior to fault movement, this is compatible with only minor top-down-tothe-southeast normal fault motion along the Goodwater-Enitachopco fault because older already cooled isothermal surfaces appear to have been brought downward in the hangingwall block. Steltenpohl and Kunk (1993) and Steltenpohl et al. (2004a) report data from the Inner Piedmont eastward across the Pine Mountain basement-cover massif to where the Uchee terrane is covered by the coastal plain onlap. Mineral cooling dates from the Inner Piedmont directly southeast of the Brevard zone are generally similar to those of the eastern Blue Ridge. Farther southeast, cooling dates drop dramatically as the border fault with the Pine Mountain window (Towaliga fault) is approached. Rocks of the Pine Mountain window and the Uchee terrane represent the deep-seated late Alleghanian metamorphic core, where peak uppermost amphibolite to near granulite facies conditions (Chalokwu, 1989) were attained as late as ca. 288 Ma (Steltenpohl and Kunk, 1993; Steltenpohl et al., 2004b Steltenpohl et al., , 2008 Steltenpohl et al., , 2010 . In Steltenpohl and Kunk (1993) , the pronounced discordance in cooling dates associated with the Towaliga fault was interpreted to refl ect substantial top-downto-the-west normal fault displacement of the isothermal surfaces. Geometry, kinematics, and mineral cooling architecture therefore suggest that the Goodwater-Enitachopco and Towaliga faults may frame a large graben-like structure. However, the time of movement along either fault system is not known precisely enough to speculate on whether they are part of the same system of faults. In addition, fl ow into and out of the line of section likely was substantial, as evidenced by the presence of major strike-slip faults, further complicating interpretations of the resultant mineral cooling patterns.
U-Pb Analyses and Their Interpretation
We analyzed U-Pb isotopes in zircons from two trondhjemite dikes, one that cuts the metamorphic foliation and dextral shears within the Elkahatchee Quartz Diorite, and one that had intruded prior to movement along the Goodwater-Enitachopco fault (see Fig. 2 , sample localities 4 and 2, respectively). In the Elkahatchee exposure, narrow (<0.5 m thick), steeply dipping trondhjemitic dikes cut across the dextral shear zones at high angles (Fig. 9A) . The dikes are lighter gray colored and fi ner grained than the quartz diorite. Metamorphic foliation within the dikes appears to be coplanar with that observed in the Elkahatchee Quartz Diorite, although the fabric is not as strongly developed in the dikes (see also Moore et al., 1987) . We analyzed U-Pb isotopes of zircons separated from the trondhjemite dike shown in Figure  9A (Elk-21) where it cuts across several of the right-slip shears; 16 U-Pb analyses from sample Elk-21 were performed on whole single grains, individual parts broken from a single grain, and small multigrain fractions ( Fig. 12A ; Table 2 ). signifi cantly to the right of this array, likely due to inherited older zircon. The two oldest of these analyses suggest a component of Mesoproterozoic inherited material. The fi ve youngest analyses consist of both single-grain and multigrain fractions of prismatic zircon grains, including two tips broken from prismatic grains. A discordia cord fi t through these fi ve analyses yields an upper intercept of 369.4 ± 4.8 Ma. We interpret this age to mark the time of crystallization of the dike from which Elk-21 was sampled. We also analyzed zircons from sample 10ENITA1 (sample locality 2 in Fig. 2 ; for analy ses, see Table 3 ) collected from the prekinematic trondhjemite dike within the type 2 Goodwater-Enitachopco shear zone shown in Figure 5A Ar sample GE-1 is from this same dike). We interpret this prekinematic dike to have originally intruded with a relatively steep dip, making a high angle to the host rock compositional layering and metamorphic foliation, similar to the Elkahatchee dike from which Elk-21 was sampled (e.g., Fig. 9A ). Zircons from the dike are highly complex; nearly all grains contain low uranium, xenocrystic cores mantled by higher uranium interior and rim domains (Figs. 12B, 12C ). Core domains are often irregular and embayed, suggesting resorption of preexisting zircon. Interior and rim domains are volumetrically most signifi cant and display weak oscillatory zoning. Individual spot analyses (n = 8) from zircon interior and rim domains yielded an error-weighted average 206 Pb/ 238 U age of 366.5 ± 3.5 Ma (MSWD = 1.8) (Figs. 12B, 12C ). We interpret this age to mark the time of crystallization of the dike from which 10ENITA1 was sampled.
Our 369 Ma U-Pb zircon date on the Elk-21 dike sample provides a minimum age of igneous crystallization of the Elkahatchee Quartz Diorite; the maximum age is loosely constrained by the ca. 388-370 Ma range of zircon ages reported by P.M. Mueller (2010, personal commun.) , who stated that the dates are "messy" and more work needs to be done to better constrain the age. The excellent preservation of crosscutting relationships exposed at the Elk-21 sample locality also allows for bracketing the timing of the metamorphic fabric in the Elkahatchee to between ca. 388 and 369 Ma; the coplanar fabric preserved in the dike, however, suggests that metamorphic strains continued beyond 369 Ma, which is consistent with regional evidence for early and late Alleghanian metamorphism in rocks of the Alabama Piedmont (Steltenpohl and Kunk, 1993; Gastaldo et al., 1993; McClellan et al., 2007; Steltenpohl et al., 2008) . Because the dike also cuts shear zones that cut the metamorphic foliation, the 369 Ma date places a minimum on the age of right-slip shearing. The U correlation coeffi cient of Ludwig (1989) . overlaps with analytical uncertainty our date on sample Elk-21, suggesting that similar appearing dikes across the eastern Blue Ridge in Alabama and western Georgia may be part of a swarm of dikes intruded in the Late Devonian. Our date also places a maximum on the age of movement along the type 2 Goodwater-Enitachopco shear zones.
DISCUSSION
Our work in the Alabama and Georgia Blue Ridge was aimed at exploring the structural and temporal transition between late Paleozoic contraction in the foreland and apparently synchronous right-slip shearing in the hinterland, but three key fi ndings were unexpected: (1) some right-slip shear zones marginal to the Alexander City fault formed during the Devonian; (2) the right-slip Alexander City fault zone is overprinted and locally excised by high-angle brittle faults; and (3) the Goodwater-Enitachopco is a sub-ductile-brittle transition oblique-dextralnormal-slip fault exposed far toward the foreland. These fi ndings do not conform to current interpretations of the tectonic evolution of the southernmost Appalachians, and we explore their possible explanations and signifi cance in the following.
Devonian Dextral Shears in Alexander City Fault Zone Shoulder Rocks
Devonian right-lateral strike-slip shearing of the Elkahatchee Quartz Diorite establishes that Neoacadian dextral shearing had already occurred in rocks of the eastern Blue Ridge ~40 m.y. before movement had initiated along the system of Carboniferous (Alleghanian) dextral shear zones . Late Devonian dextral shearing is reported in more northern parts of the southern Appalachian Blue Ridge (Ferrill and Thomas, 1988; Trupe et al., 2003; , but the dextral shears in the Elkahatchee are the fi rst to be documented from the orogen's most southern surface exposures. Geological investigations in the eastern Blue Ridge of western North Carolina led workers to suggest the presence of a system of Devonian dextral transform faults in that area (see Adams et al., 1996; Trupe et al., 2003) . Trupe et al. (2003) recognized the Burnsville fault (Fig. 1) as a fundamental right-slip fault within this system, and dated its movement to between 377 and 373 Ma. Similar kinematics, geometries, and now timing suggest that the Devonian dextral shears in the Alabama Blue Ridge might be related to the Burnsville dextral shear system. However, Trupe et al. (2003) had diffi culties reconciling the southwestern continuation of the Burnsville fault (see question mark in Fig. 1 ), and they posed two hypotheses: (1) the Burnsville fault links with the Neoacadian DahlonegaChattahoochee shear zone, and (2) the Burnsville fault is cut by the later-formed Alleghanian faults. The most proximal major dextral shear zone to the ca. 388-369 Ma Elkahatchee shears is the Alexander City fault (Fig. 2) , but the latter is a lower temperature retrograde mylonite zone that most likely overprinted the former shears. Movement along the Alexander City fault zone therefore likely postdated 369 Ma. Workers have generally speculated that the Alexander City fault is a Carboniferous structure, given its similarities with other Alleghanian dextral shear zones (Guthrie, 1995; Steltenpohl et al. 1996) , and this is compatible with the mineral cooling data presented in Figure 11 . Future mapping and structural studies are needed to determine how the high-temperature Devonian mylonites relate to the Alexander City fault. The fault zone might be a polyphase structure like the Brevard zone, with a Neoacadian movement history that predated Alleghanian reactivation during dextral shearing.
High-Angle Brittle Fault Overprinting of the Alexander City Fault
Brittle faults, cataclasites, and cataclastic pods associated with the Alexander City fault zone resemble those that are reported for the Towaliga fault along the northwest margin of the Pine Mountain window in eastern Alabama and central Georgia (see Fig. 1 for location: Babaie et al., 1991; Hadizadeh et al., 1991; Steltenpohl, 1992; Steltenpohl et al., 2010; Huebner and Hatcher, 2011) . They are also very similar to brittle faults in parts of the Blue Ridge and Inner Piedmont of North and South Carolina (Garihan and Ranson, 1992; Garihan et al., 1993) . All are interpreted to be post-Appalachian and related to the Mesozoic rifting of Pangea. We interpret that the brittle faults cutting the Alexander City fault have drastically thinned the zone of mylonites and phyllonites to the point that locally it is completely excised. The style of interplay and reactivation is particularly reminiscent of the brittle faults that overprint the sub-ductile-brittle transition Towaliga mylonite zone (Huebner et al., 2010; Steltenpohl et al., 2010) . Huebner and Hatcher (2011) interpreted silicifi ed cataclastic pods along the Towaliga mylonite zone to have formed as dilational stepovers during later supra-ductile-brittle transition reactivation and inversion of right-slip movement. Although this might explain how some of the siliceous pods formed along the Alexander City fault zone, at least one of the pods Pb corrected ratios using age-appropriate Pb isotopic composition of Stacey and Kramers (1975) . † †207
Pb corrected age.
contains a 7-m-thick, 20-m-long section of layered orthoquartzite instead of injected quartz. The affi nity of this orthoquartzite is unknown, but it resembles those found in the Jacksons Gap Group of the Brevard zone (Wielchowsky, 1983; Sterling et al., 2005; Sterling, 2006) , suggesting that it might have been transferred westward along a splay fault connecting the two fault zones. Regardless of the precise mode of their formation, the brittle faults along the Towaliga combine with our fi ndings along the Alexander City fault zone to suggest a broad graben-like structure between them (Fig. 13A) . Although the timing of brittle movement is not yet precisely known to establish a link between them, the rheological and petrological similarities are compatible with such an interpretation.
Extensional Tectonics in the Southernmost Appalachians
Top-to-the-south-southeast normal-slip move ment along the Goodwater-Enitachopco fault is unusual, particularly considering its position far toward the foreland. There are still no absolute timing constraints on the fault (between the late Carboniferous and Early Jurassic), and in the following we frame our discussion around its movement relative to that along the southern Appalachian master décolle-ment (Cook et al., 1979) , which is broadly accepted as the fi nal contractional phase of the Alleghanian orogeny (latest Pennsylvanian to earliest Permian: Hatcher, 1987 . Figure 13 illustrates three possible scenarios: (1) post-southern Appalachian master décollement (Triassic-Jurassic) rifting of Pangea; (2) synchronous to post-southern Appalachian master décollement (Permian-Triassic) collapse of the thickened Alleghanian orogenic welt; and (3) pre-southern Appalachian master décollement extension.
At fi rst glance it would appear that normalslip movement along the Goodwater-Enitachopco fault was associated with the Mesozoic rifting of Pangea (Fig. 13A) , a fundamental and well-known period of extension expressed along the entire eastern seaboard of North America. The Blue Ridge is to the northwest of the zone most directly affected by Mesozoic extension (Klitgord et al., 1988) , however, and the Goodwater-Enitachopco fault would be the orogen's most forelandward Triassic-Jurassic rift fault. Several lines of evidence seem contrary to this interpretation. (1) It would seem that other typical expressions of Mesozoic rifting should be prevalent in this area, but no diabase dikes occur within the entire region shown in Figure  2 , and the closest rift basin is beneath the Gulf of Mexico coastal plain several hundred kilometers south of our area. However, border faults in the Red Sea rift occur outside the locus of magmatic activity (see Keranen and Klemperer, 2008) , and the Mesozoic landscape in this part of the southern Appalachians has been deeply eroded, so any shallow-level intrusions, volcanics, or sedimentary deposits might have been eroded away.
(2) The sub-ductile-brittle transition level of formation of the Goodwater-Enitachopco fault is in stark contrast to the supra-ductile-brittle transition faults that typify exposed Mesozoic rift faults in the Appalachians. (3) One would expect to fi nd some record of Mesozoic disturbance in 40 Ar/
39
Ar mineral cooling data from across the fault (e.g., Atekwana, 1987) , but data ( Fig. 11) do not indicate substantial normal-slip displacement of the ~350 °C paleoisothermal surface. (4) The persistent right-slip component documented for the type 2 Goodwater-Enitachopco shear zones confl icts with a purely extensional rift fault; such movement might be compatible, however, with Late Permian through Early Jurassic counterclockwise rotation of the Yucatan block out from the area of the Mississippi embayment as the Gulf of Mexico opened (Pindell and Dewey, 1982; Salvador, 1991; Pindell et al., 2000; Steiner, 2005) . (5) PostAlleghanian normal-slip movement along the Goodwater-Enitachopco would require it to cut entirely across the stack of Appalachian allochthons and across the décolle ment (Fig. 13A) . The simplifi ed cross section shown in Figure 2 illustrates that the Goodwater-Enitachopco fault is precisely above a basement step up interpreted as a Cambrian rift fault formed along the ancient Laurentian margin (Thomas and Neathery , 1980; Thomas et al., 1989; Thomas, 1991) . Our surface observations therefore may indicate post-Alleghanian normal-fault reactivation of an earlier (Cambrian) rift fault. In Figure 13A the Towaliga fault is depicted as a Mesozoic rift fault (Nelson et al., 1987; Steltenpohl et al., 2010) , and we suggest that the brittle overprinting of the Alexander City fault may likewise have offset the basement and the décolle ment. Seismic and core data do not indicate such a basement fault at the position of the Alexander City fault (e.g., Thomas et al., 1989; Thomas, 1991) , but aeromagnetic data have been argued to suggest this possibility (Bajgain, 2011). Mesozoic reactivation of a Laurentian rift fault by the Goodwater-Enitachopco fault would further support the infl uence of tectonic inheritance on the evolution of eastern North America, punctuating the start and fi nish of two Wilson cycles (Hatcher, 1978 (Hatcher, , 1987 (Hatcher, , 2004 Thomas, 2006; Steltenpohl et al., 2010) .
Orogenic collapse (e.g., Burchfi el and Royden, 1985; Dewey, 1988; Schwartz, 1988; Mercier et al., 1992; McNulty et al., 1998) provides an attractive alternative explanation for the Goodwater-Enitachopco fault (Fig. 13B) . Its forelandward position and hinterland-directed movement is compatible with it having formed as the result of free-boundary collapse (Selverstone, 2005) . Far-fi eld effects, such as the opening of a continental rift, are known to control hinterland-directed extension in collapsing orogens (Fossen, 1992 (Fossen, , 2000 (Fossen, , 2010 Andersen, 1993) , and such a setting had evolved south of our study area during the Mesozoic as the Gulf of Mexico began to open. As northwest-southeast contraction waned along the décollement, the thickened upper plate may have become free to translate south-southeastward. Such a case is reported for the Devonian extensional collapse of the Scandinavian Caledonides, where east-directed (Silurian-Devonian) thrust faults in the Swedish foreland were reactivated and reversed by top-to-the-west, hinterlanddirected, normal-slip shears (i.e., back sliding; Fossen, 1992 Fossen, , 2000 Steltenpohl et al., 2004a Steltenpohl et al., , 2011 . The backslid shear zones in Norway are cut by steeper dipping top-to-the-west normal faults that locally excise the lower angle shears, which is reminiscent of the type 1 and type 2 shears of the Goodwater-Enitachopco fault (Fig. 13B) . Such steep-on-shallow overprinting also typifi es western U.S. Cordilleran-style extensional faults, as the earlier formed crystalplastic shear zones were progressively unroofed by brittle extensional faults to shallower crustal levels (Coney, 1980; Armstrong, 1982; Wernicke, 1985) . The Goodwater-Enitachopco fault might therefore represent the breakaway fault to a Mesozoic extensional detachment system into which other faults had rooted, which is diagrammatically suggested in Figure 13B . Alternatively, fi xed-boundary collapse might explain extensional movement along the GoodwaterEnitachopco fault if it were synchronous with, and coupled to, contraction along on the décolle-ment, similar to that reported for the South Tibetan detachment system and the Main Central thrust, respectively, in the active Himalayan orogen (Burchfi el and Royden, 1985; Burchfi el et al., 1992; Hodges et al., 1992) . The oblique right-slip component on the Goodwater-Enitachopco, however, might also be explained by collapse and extrusion toward a free-lateral boundary located toward the southwest during synchronous convergence and orogen-parallel movement along the Alleghanian dextral shear system.
Several lines of evidence suggest that the Goodwater-Enitachopco fault might have initiated movement while positioned somewhere farther outboard, and was transported westward by the underlying décollement (Fig. 13C) . For example, trondhjemite dikes that appear to have been injected synchronously with normal-slip shearing (e.g., Fig. 6D ) have no counterparts associated with Mesozoic rifting (Guthrie and Raymond, 1992) , but they could relate to the suite of early trondhjemites. If fl uid-assisted alteration of sample GE-1 accompanied normal-slip shearing along the Goodwater-Enitachopco fault, it could have rejuvenated the argon isotopic system in muscovite and resulted in the plateau age of 329 Ma (Fig. 10) . Most paradoxical, however, are the sub-ductile-brittle transition fault rocks of the Goodwater-Enitachopco fault that formed at deeper crustal levels than is typical of Mesozoic rift faults exposed elsewhere in the eastern United States, and at least as deep as the thrust faults that underlie them, including the décolle-ment (i.e., Talladega-Cartersville fault). The Goodwater-Enitachopco fault might therefore record extension prior to Alleghanian collapse, perhaps recording the fi nal stages of orogenparallel channelized fl ow in the middle crust (Merschat et al., 2005; Hatcher and Merschat, 2006) or some other event not yet understood. A lower age on the timing of such an event would be limited by the age of youngest Pennsylvanian strata cut in the footwall block (Tull, 1984) , which is not precisely known (early to middle Pennsylvanian, between ca. 320 and 307 Ma; Hewitt, 1984) .
CONCLUSIONS
Right-slip shear components observed for the Alexander City and Goodwater-Enitachopco faults indicate that the Alleghanian dextral shear system persists across the entire eastern Blue Ridge of Alabama and western Georgia. Rightslip motion along the Goodwater-Enitachopco fault likely was linked to the directly underlying Hollins Line dextral transpressional duplex, which would further extend the dextral shear system to the boundary with the western Blue Ridge. The geometries and kinematics of the Goodwater-Enitachopco fault and the Millerville generation cross-folds (Fig. 2) are compatible with them having formed synchronously with dextral transpressive movement along the Hollins Line duplex. Synchronous development might explain (1) why the Goodwater-Enitachopco fault is best developed along the crest of the Millerville antiform, where de coupling may have accommodated cross-folding of the footwall block, (2) the similar rheologies of the Goodwater-Enitachopco and the Hollins Line mylonites, and (3) the restricted occurrence of the cross-folds (Fig. 2) along the frontal crystalline thrusts in this region (Tull, 1984) . The cross-folds may therefore record mild dextral transpressional strains that propagated into the Valley and Ridge along the Talladega-Cartersville fault. Partitioning between dextral and contractional strains in Alabama and western Georgia thus sharply contrasts with that reported northeast of the Cartersville transform. In Figure 1 we project the Cartersville transform to extend to the eastern terminus of the Pine Mountain window, implying that it marks a surface exposure of the southwest step up of the subdécollement basement. Steltenpohl et al. (1992 Steltenpohl et al. ( , 2008 reported that latest Pennsylvanian to earliest Permian right-slip movement along fundamental mylonite zones fl anking the Pine Mountain window overlapped in time with thrusting along the décollement. The Carters ville transform therefore appears to have formed a lateral buttress (ramp) that forced the décollement to climb obliquely out of the Tennessee embayment onto the Alabama promontory ( Fig. 1 ; Tull et al., 1998a Tull et al., , 1998b Tull and Holm, 2005; Thomas and Steltenpohl, 2010) , explaining the local decapitation of folds in the Talladega-Cartersville footwall block. This interpretation also is compatible with geologic observations from the Pine Mountain window that suggest the décollement was abandoned or otherwise redirected to another structural level as it impinged the distal Laurentian continental margin (Hooper et al., 1997; McBride et al., 2005; Steltenpohl et al., 2010) .
The Cartersville transform also appears to have had infl uence on the late to post-Appalachian extensional evolution of the orogen, given that normal faults like the GoodwaterEnitachopco are not reported northeast of it. The loose late Carboniferous to Early Jurassic timing constraints for normal-slip movement along the Goodwater-Enitachopco fault leave plenty of room for interpretation, but we favor the following. Late Alleghanian convergence along the décollement progressively thickened rocks of the Blue Ridge, eventually creating a steep northwest-facing (present-day direction) mountain front. Topography grew with continued movement along the décollement until the upper parts of this crustal wedge became gravitationally unstable, triggering southeastdirected extensional movement on the Goodwater-Enitachopco fault. As the décollement impinged on the Cartersville transform, strains were channeled obliquely along it, resulting in dextral transpression. Synchronous southwestdriven, orogen-parallel extrusion was accommodated along the deeper portions of the Alleghanian dextral shear system, contributing to the collapse of the orogen. Finally, rifting of Pangea during the Mesozoic reactivated some of the collapse structures and the Gulf of Mexico began to open.
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